Malaria is a major cause of morbidity and mortality throughout tropical and subtropical regions of the world, accounting for an estimated 300 to 500 million infections and 1.5 to 3.0 million deaths annually (35) . In the face of the spread of drugresistant malaria, efforts to develop an effective vaccine have become increasingly critical. Two observations suggest that a malaria vaccine may be achievable. First, immunization with radiation-attenuated sporozoites induces sterile protection in mice and humans (5, 17) , mediated predominantly by CD8 ϩ T cells and gamma interferon (IFN-␥) and directed against the intrahepatocytic stage of the parasite. Second, adults in areas endemic for malaria develop partial clinical immunity, which is largely mediated by antibodies directed against blood stage antigens (23) . A vaccine may need to induce both types of responses to provide optimal protection. DNA vaccines represent a flexible vaccine delivery system, capable of inducing both antibodies and cell-mediated immune responses to a wide variety of antigens. The flexibility of DNA vaccine technology permits the combination of multiple antigens from both the preerythrocytic and erythrocytic stages of the parasite. Previous studies from our laboratory have shown that DNA vaccines directed against either preerythrocytic-stage antigens (7, 26) or erythrocytic-stage antigens (1) can provide partial protection in the Plasmodium yoelii murine-malaria model. A mixture of DNA vaccines encoding four preerythrocytic-stage Plasmodium falciparum antigens induced both antibodies and T-cell responses to all four components in rhesus monkeys (32) . In human volunteers a DNA vaccine encoding the P. falciparum circumsporozoite protein was safe and well tolerated and induced antigen-specific cytotoxic-T-lymphocyte responses in the majority of immunized volunteers (31) . However, these firstgeneration DNA vaccines are not optimally immunogenic or protective; the PfCSP vaccine did not induce antibodies in volunteers, and the protection induced by immunization with P. yoelii DNA vaccines in mice is incomplete. Recent studies have shown that the effectiveness of DNA vaccination against malaria in mice can be increased by use of a prime-boost strategy in which priming doses of DNA vaccine plasmids are followed by a boost with recombinant poxvirus (25, 27) . In addition, inclusion of a plasmid encoding murine granulocytemonocyte colony-stimulating factor (GM-CSF) improves the protection seen with the DNA vaccine alone (34) . Finally, combination of the two approaches further improves both pro-tection and immunogenicity (28) . We therefore constructed a set of DNA vaccines and recombinant canarypox virus to allow us to test the prime-boost approach in the Plasmodium knowlesi/rhesus monkey model, a system in which both reliable challenge with sporozoites and partial protection after immunization with irradiated sporozoites have been demonstrated (14) . Because previous work involving Aotus monkeys with malaria and hepatitis B DNA vaccines had suggested that the route and method of administration can affect both the quality and magnitude of the induced immune response (10, 11) , we studied three different methods of administering the priming DNA, intramuscular (i.m.) injection with needle and syringe, i.m. injection with the Biojector, a CO 2 -driven needleless injection system (11, 12) , and a combination of i.m. and intradermal (i.d.) injection with the Biojector.
MATERIALS AND METHODS
Parasites and DNA. DNA from the H strain (4) of P. knowlesi was the kind gift from Tom Templeton (National Institutes of Health, Bethesda, Md.). H strain sporozoites and infected erythrocytes for immunofluorescence assay (IFA) were provided by William Collins (Centers for Disease Control and Prevention, Atlanta, Ga.). Infectious sporozoites for challenge were obtained by infection of adult female Anopheles dirus mosquitoes (the kind gift from William Collins).
Construction of P. knowlesi DNA vaccine plasmids. The genes encoding the circumsporozoite protein (PkCSP), sporozoite surface protein 2 (PkSSP2), and apical merozoite antigen 1 (PkAMA1) and the gene fragment encoding the 42-kDa carboxy-terminal fragment of merozoite surface protein 1 (PkMSP1p42) were amplified from P. knowlesi H strain genomic DNA by PCR using the following primer pairs: PkAMAfp, CGGATCCATGAATAAAATATACTACA TACT, and PkAMArp, GGGATCCTCAGTAGTAAGGCTTCTCCATCAG; PkMSPfp, GGGATCCAAGAAGCAACTGGAGAATCACGTG, and PkMSPrp, TGGATCCTTAGCTGGAAGAACTACAGAAAACTC; PkCSPfp, CGGATC CATGAAGAACTTCATTCTCTTGGCCGTC, and PkCSPrp, GGGATCCTTA ATTGAATAATGCTAGGACTAACAA; PvSSP2-10, CCTGGATCCATGAA GCTACTTCAGAACAAAAGC, and PkSSP2rp2, TGGATCCTTATAACTTG AACTGATCTGCCTCTCCAGCGTC. Primer pairs for PkCSP, PkAMA1, and PkMSP1p42 were based on published sequences (2, 18, 33) . The published partial sequence of the H strain PkSSP2/TRAP lacks the 39 most N-terminal amino acids (30) . Therefore, for PkSSP2, the 5Ј PCR primer was based on the 5Ј sequence of the corresponding Plasmodium vivax gene, PvSSP2 (22) . PCR products were purified from preparative agarose gels and cloned into the pCR-Script plasmid using the pCR-Script Amp SK(ϩ) cloning kit (Stratagene) according to the manufacturer's instructions. The sequence of the cloned PCR product was determined on an ABI Prism model 377 automated sequencer using the Dye Terminator Cycle Sequencing kit (ABI, Warrington, United Kingdom). From each pCR-Script clone, a BamHI fragment containing the desired P. knowlesi antigen gene was excised and cloned into the BamHI site of DNA vaccine vector VR1020 (16) to produce vaccine plasmids encoding PkCSP (VR2560), PkSSP2 (VR2561), PkMSP1p42 (VR2562), and PkAMA1 (VR2563). Vector VR1020 contains an expression cassette under the control of the promoter from the cytomegalovirus intermediate/early 5Ј untranslated region including intron A and flanked at the 3Ј end by the bovine growth hormone transcription terminator element. In addition, VR1020 encodes the human tissue plasminogen activator as a carboxy-terminal fusion with the inserted antigen gene. A plasmid encoding rhesus GM-CSF (VR1722) was a kind gift from Richard Hedstrom (Naval Medical Research Center, Silver Spring, Md.).
In vitro expression analysis. Expression of plasmid-encoded antigens was qualitatively determined by immunoblot analysis of transiently transfected UM449 human melanoma cell cultures as previously described (9, 16) . Antigens were detected by reaction with polyclonal murine antisera raised by immunization of female CD-1 mice with plasmids encoding PkCSP, PkSSP2, PkAMA1, and PkMSP1p42 as described below.
Construction of recombinant ALVAC-expressing P. knowlesi antigens. To optimize expression of foreign genes in recombinant canarypox virus ALVAC (19, 29) , occurrences of the sequence TTTTTNT, which serves as an early transcriptional terminator in vaccinia virus, must be modified. A single occurrence of this sequence in PkAMA1 was mutagenized to alter the nucleotide sequence without changing the encoded amino acid using the QuickChange mutagenesis kit (Stratagene, Inc., La Jolla, Calif.) and primers Pkmut1, GTCTCATTAATGACAAA AATTTCTTTGCAACAACAGCGTTATCTC, and Pkmut2, GAGATAACG CTGTTGTTGCAAAGAAATTTTTGTCATTAATGAGAC, according to the manufacturer's instructions. The remaining three P. knowlesi genes contain no instances of the sequence TTTTTNT. A donor vector for recombination of genes under the control of the modified H6 vaccinia virus promoter (13, 20) , pC6L/H6, was constructed. The complete H6 promoter was amplified from plasmid pBSH6-1 (Virogenetics, Troy, N.Y.) with primers H6-1, CCGAATTCGATCC CCCAACAAAAACTAATCAG, and H6-2, CGCTGCAGATATCGCGACCA TGGGCCCATTACGATACAAACTTAACGG. The PCR product was cloned into pCR-Script, the sequence was verified, and the EcoRI/PstI fragment containing the H6 promoter was subcloned into the EcoRI/PstI site of pC6L (Virogenetics), an ALVAC donor plasmid containing a multiple cloning site flanked by 1.1-and 0.4-kb sequences from the C6 region of the ALVAC genome. The four P. knowlesi genes were amplified by PCR using primer pairs that included bases Ϫ28 through Ϫ1 of the H6 promoter and cloned into NruI-or EcoRVdigested pC6L/H6 to produce four donor plasmids, each containing a single P. knowlesi gene under the control of the H6 promoter flanked by sequences homologous to the C6 region of ALVAC. Each donor plasmid was used to generate a recombinant ALVAC, ALVAC-PkCSP, ALVAC-PkSSP2, ALVACPkAMA1, and ALVAC-PkMSP1p42 by in vitro recombination as described previously (29) . The mixture of the four P. knowlesi antigen-encoding ALVAC viruses is designated ALVAC-4.
Animals and immunizations. Animals were used under protocols approved by Institutional Use and Care of Animals Committees at facilities accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. The experiments were conducted according to the principles set forth by the Institute of Laboratory Animals Resources (12a). Female CD-1 mice (6 to 8 weeks old; Charles River Laboratories, Wilmington, Mass.) were injected i.d. with 50 g of vaccine plasmid (1 mg/ml) in sterile saline in two sites at the base of the tail at weeks 0, 4, and 8. Serum was taken for analysis prior to immunization and 2 weeks after the second and third doses. Thirteen male and 3 female rhesus macaques (Macaca mulatta; Three Springs Scientific, Inc., Perkasie, Pa.; 18 to 33 months old, 3 to 4 kg) were divided into four groups of four animals and immunized with either a mixture of the four P. knowlesi antigen plasmids and the rhesus macacque GM-CSF plasmid, VR1722, at 500 g/plasmid (groups 1 to 3) or with 2 mg of VR1020 and 500 g of VR1722 (group 4). Immunization was either i.m. in the tibialis anterior muscle by needle and syringe (group 1), i.m. by Biojector injection (group 2), or a combination of one i.m. injection by Biojector containing 70% of the total dose and three separate i.d. Biojector injections along the anterolateral aspect of the thigh, each containing 10% of the total dose (groups 3 and 4). DNA immunizations were given at weeks 0, 5, and 9. At week 35 the animals were boosted by i.m. injection (needle and syringe) of either 2.5 ϫ 10 8 PFU of each of four recombinant ALVAC expressing the four P. knowlesi antigens (groups 1 to 3) or 10 9 PFU of parental ALVAC (group 4).
Parasites and challenge. At week 40 sporozoites of P. knowlesi H strain were dissected from the salivary glands of infected A. dirus mosquitoes in E199 medium supplemented with 10% heat-inactivated, random-source, normal rhesus macaque serum. For challenge, 100 sporozoites were injected into the saphenous vein. Beginning on day 6 after challenge peripheral thick and thin blood films were examined to determine parasitemia. Parasitemia in thick films was determined by the method of Earle and Perez (8) and in thin films was determined by separate enumeration of infected and total erythrocytes. Animals were treated with drugs when parasitemias reached 2% or higher.
IFA. Sera from immunized mice and monkeys were analyzed in IFAs against air-dried sporozoites and infected erythrocytes as previously described (22) .
PkCSP EIA. Ninety-six well enzymatic immunoassay (EIA) plates were coated with recombinant PkCSP protein at 0.3 g/ml in phosphate-buffered saline (PBS), pH 7.0, for 6 h at room temperature, washed three times with 0.05% Tween 20 (Sigma, St. Louis, Mo.) in PBS, and blocked overnight in 5% nonfat dry milk in PBS at 4°C. Appropriate dilutions of test sera in 3% nonfat dried milk in PBS were added to quadruplicate wells, and the plates were incubated at room temperature for 2 h and washed three times with washing buffer. Plates were incubated with horseradish peroxidase-conjugated goat anti-human immunoglobulin G (Kirkegaard and Perry Laboratories, Gaithersburg, Md.) for 1 h at room temperature, washed three times, and incubated for 20 min with ABTS (2,2Ј-azinobis[3-ethylbenzthiazolinesulfonic acid]) substrate solution (Kirkegaard and Perry Laboratories), and the optical densities at 405 nm (OD 405 ) were read. The background OD 405 in wells treated with preimmune serum were subtracted, and the means and standard errors of the means from the quadruplicate wells are reported.
IFN-␥ ELISPOT assay. IFN-␥ enzyme-linked immunospot (ELISPOT) assays were carried out as previously described (15) . The following peptide pools were Statistical analyses. Differences between multiple groups were assessed by one-way analysis of variance followed by Tukey's honestly significant difference test to identify which specific groups differed. Comparisons between two groups were made using a two-tailed Student t test. Correlations between parasitemia and measures of immune response were evaluated using the Pearson product moment correlation. All statistical calculations were performed with SigmaStat, version 2.03, for Windows (SPSS, Inc., Chicago, Ill.).
Nucleotide sequence accession numbers. The sequences of the PkMSP1 and PkAMA1 H strain genes amplified in the vaccine plasmids were determined and deposited in GenBank with accession no. AF298219 and AF298218, respectively. The nucleotide sequence of the product of PCR amplification of the coding sequence of PkSSP2 was deposited in GenBank with accession no. AF298217.
RESULTS

Construction of vaccine plasmids.
Vaccine plasmids encoding PkCSP, PkSSP2, PkMSP1p42, and PkAMA1 in the VR1020 backbone were constructed as described in Materials and Methods. For PkMSP1 and PkAMA1 PCR amplification was performed with primers based on sequences from the Nuri strain. The published sequence encoding H strain PkSSP2 lacked the sequence encoding 39 N-terminal amino acids (30) . The full-length sequence of PkSSP2 was amplified from H strain DNA using a 5Ј PCR primer based on the P. vivax SSP2 sequence; the product was sequenced and was found to differ from the published sequence at 3 nucleotides (2 synonymous changes and 1 nonsynonymous change).
In vitro expression. We assessed the ability of the vaccine plasmids to express the desired P. knowlesi gene products in mammalian cells by in vitro transfection of melanoma cell line UM449 and detection of products of the expected molecular weights in denatured sodium dodecyl sulfate-polyacrylamide gel electrophoresis Western blots with antisera raised against DNA vaccine plasmids encoding the P. knowlesi antigens. Figure 1 shows that products of the expected sizes were detected in UM449 cells transfected with plasmids encoding PkCSP (48 kDa), PkSSP2 (95 kDa), and PkMSP1p42 (42 kDa). As a check against the circularity involved in using antisera derived from immunization with a given plasmid to detect the in vitro expression products of the same plasmid, the antisera were tested in IFAs against P. knowlesi sporozoites or infected erythrocytes and were found to have the staining pattern expected for each antigen (data not shown). As for a similar P. vivax AMA1 DNA vaccine (22) , no PkAMA1 product was detected in transient transfection assays; however, as described below, immunization with the PkAMA1 plasmid induced antibodies in mice, which showed the expected apical fluorescence pattern in infected erythrocytes. The ability of the four recombinant ALVAC to express PkCSP, PkSSP2, PkAMA1, and PkMSP1p42 was assessed by IFA and Western blotting of infected Vero cells using murine antisera raised by immunization with DNA vaccine plasmids described above. All recombinant ALVAC expressed the corresponding P. knowlesi antigen; for ALVAC PkAMA1, expression could be detected by IFA but not by Western blotting (data not shown).
Murine immunogenicity. To confirm the in vivo expression and immunogenicity of the P. knowlesi vaccine plasmids, we immunized groups of five CD-1 mice with either a control plasmid (VR1020), each of the individual plasmids encoding PkCSP, PkSSP2, PkAMA1, and PkMSP1p42, or the combination of all four vaccine plasmids, designated tetravalent vaccine, Knowlesi (TVK). Mice were immunized intradermally at the base of the tail with 50 g of each plasmid three times at 4-week intervals. Sera were obtained 2 weeks after each immunization. Table 1 shows the results of IFA on sporozoites and infected erythrocytes. Mice immunized with either the PkCSP or the PkSSP2 plasmids alone or with TVK produced moderate antisporozoite antibody titers (Table 1) ; the staining patterns were as expected, diffuse surface staining for PkCSP and patchy staining for PkSSP2. Surprisingly, antisera raised against PkAMA1 also gave moderate antisporozoite antibody titers with a distinctive apical staining pattern. Mice immunized with either the PkMSP1p42 or PkAMA1 plasmids alone or with TVK produced moderate anti-infected erythrocyte antibody titers (Table 1) with the expected staining patterns, an alveolar pattern for PkMSP1p42 and a spotty, apical pattern for PkAMA1. Interestingly, antibodies raised against PkSSP2 did not react in blood stage IFA, consistent with the lack of expression of PfSSP2 (24) and PySSP2 (3) in infected erythrocytes, in spite of the original description of PfSSP2 as a blood stage antigen (21) . Immunization with TVK induced comparable or higher titers in response to both sporozoites and infected erythrocytes than did immunization with the individ -FIG. 1 . In vitro expression of P. knowlesi candidate vaccine antigens. UM449 cells were transfected either with a control plasmid (1020) or with the indicated antigen plasmid (encoding PkCSP, PkSSP2, PkAMA1, or PkMSP1p42). Protein extracts were prepared from cell pellets (P) or culture supernatants (S) and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described in Materials and Methods. Antigen expression was detected with the antisera indicated beneath each panel. (Table 1) . Neither preimmune sera nor sera from mice immunized with the control plasmid, VR1020, contained antibodies to sporozoites or infected erythrocytes (Table 1) . Nonhuman primate immunogenicity. To assess the immunogenicity and protective efficacy of this tetravalent vaccine in nonhuman primates we conducted an immunization-and-challenge study with rhesus monkeys. Based on the results of experiments with the P. yoelii murine model system, which showed enhanced immunogenicity and protective efficacy when a DNA vaccine encoding PyCSP was coinjected with a plasmid encoding murine GM-CSF and boosted with a recombinant poxvirus expressing PyCSP (28), we used a similar immunization regimen with the TVK in rhesus monkeys. In the trial described here, we varied only the route and method of administration of the DNA; three groups of four monkeys were immunized with the TVK and GM-CSF plasmids and boosted with recombinant ALVAC as described in Materials and Methods. One group received the DNA by i.m. injection with needle and syringe, one group received it by i.m. injection with the needleless Biojector device, and one group received it by a combination of the i. Figure 2 shows the results of IFA and EIA analysis of sera from the immunized monkeys. Preimmune sera and sera from control immunized monkeys contained no detectable antibodies to sporozoites (Fig. 2a) and minimal background titers against infected erythrocytes (Fig. 2b) . Following the third dose of DNA the geometric mean antisporozoite and antiinfected red blood (irbc) cell titers were highest in the group immunized by the i.m./i.d. route (1:538 for sporozoites; 1:269 for irbc) although the difference between the two Biojector groups, i.m. and i.m./i.d., was not statistically significant. Titers in the i.m. needle group were barely detectable. Titers declined toward baseline during the 6-month interval between the third DNA dose and the poxvirus boost. Three weeks following the ALVAC boost, geometric mean antisporozoite and anti-irbc IFA titers were highest in the group which had received the DNA prime i.m. by Biojector (1:7,241 for sporozoites, 1:2,560 for irbc; P ϭ 0.097 and 0.046, respectively, compared with needle group by two-tailed t test); the difference between the two Biojector groups was not statistically significant. The response to PkCSP was analyzed by EIA using a recombinant PkCSP as the target antigen. As shown in Fig. 2c , following the third dose of DNA only the monkeys immunized with the Biojector had significant antibodies to PkCSP. Following the canarypox virus boost the highest ODs at a 1:100 dilution of serum were observed in the i.m. Biojector group and were statistically higher than those seen in the i.m./i.d. Biojector group (P ϭ 0.049; two-tailed t test) and the i.m. needle group (P ϭ 0.019; two-tailed t test). Figure 3 and Table 2 show the results of IFN-␥ ELISPOT assays on peripheral blood mononuclear cells (PBMC) from the immunized monkeys. Neither preimmune PBMC nor PBMC obtained 2 weeks after administration of the third DNA dose secreted IFN-␥ in response to the three peptide pools (Fig. 3 and data not shown) ; following the recombinant ALVAC boost, PBMC from 10 of 12 immunized monkeys produced IFN-␥-secreting cells at net frequencies ranging from 29 to 355 spot-forming cells (SFC)/10 6 PBMC. Table 2 summarizes the results of ELISPOT assays carried out with the three pools of peptides on PBMC obtained after the poxvirus boosting of the animals. Three of 12 experimental monkeys responded to peptide pool 1, 10 of 12 responded to pool 2, and 5 of 12 responded to pool 3 at net frequencies greater than the mean plus 2 standard deviations of the net frequency in control animals. There were no statistically significant differences in the mean IFN-␥ responses between the three experimental groups immunized by different routes.
Protective efficacy. Five weeks after the ALVAC boost the monkeys were challenged by saphenous vein injection of 100 H strain P. knowlesi sporozoites on day 0 of the challenge. Beginning on day 6 daily peripheral blood smears, thick and thin, were examined for P. knowlesi parasites. Animals were treated when the parasitemia reached 2% or on day 14. The individual parasitemias of the monkeys from days 7 to 12 are shown in Table 3 , and the mean parasitemias of each group are plotted in Fig. 4 . All of the control monkeys (4 of 4) and all but one (PPG) of the TVK-immunized monkeys (11 of 12) became parasitemic, and all but 2 of the parasitemic monkeys (1 control, KJT, and 1 from the i.m./i.d. Biojector group, TJX) required treatment for parasitemia greater than 2% on day 12 or 13 (range of parasitemia at time of treatment, 2 to 29%). On each day of the parasitemic phase of the study, the mean parasitemias in the experimental groups were lower than those in the control group. Analysis of variance on the mean parasitemias on each of days 9 to 12, before any monkeys received treatment, detected statistically significant differences between groups (P ϭ 0.024, day 9; P ϭ 0.004, day 10; P ϭ 0.023, day 11; P ϭ 0.048, day 12). The differences remained statistically significant even if the monkey which did not develop parasitemia, PPG, was excluded from the analysis. Application of Tukey's test identified statistically significant differences between the control group and the i.m. Biojector group on days 9 to 12 (P ϭ 0.016, 0.004, 0.032, and 0.047, respectively) and between the control group and the i.m. needle group on day 10 (P ϭ 0.010).
Comparison of control monkeys versus all 12 immunized monkeys by two-tailed t test also identified statistically significantly lower parasitemias in the immunized monkeys on days 9 to 12 (P ϭ 0.010, 0.002, 0.003, and 0.007, respectively). In the group with the lowest mean parasitemia, the i.m. Biojector group, parasitemias were more than 10-fold lower than those in the control group on days 9 to 12. In all groups, parasitemia in- Table 2 . 
a Shown are the means and standard deviations (SD) of the net (peptidestimulated Ϫ medium control) values from quadruplicate wells. Values in boldface exceed the mean ϩ 2 SD of the control animals' responses. a Shown are parasitemias determined from thick-film examination. Monkeys were challenged on day 0 with 100 H strain P. knowlesi sporozoites.
creased approximately 10-fold every 24 h, consistent with release of 10 merozoites from each infected erythrocyte in a 24-h cycle in P. knowlesi.
Association between immune responses and parasitemia. We attempted to identify immunological markers as correlates of protection by correlating the mean parasitemia for each monkey group on each of days 9 to 12 with each of six immunological variables, geometric mean IFA titer for sporozoites or infected erythrocytes, mean OD value at 1:100 dilution in the PkCSP EIA, and mean frequency of IFN-␥ SFC in response to each of three peptide pools. On each of days 9 to 12 there was a significant negative correlation between the IFN-␥ response to peptide pool 2 and parasitemia (correlation coefficients were Ϫ0.965 [P ϭ 0.035], Ϫ0.995 [P ϭ 0.0047], Ϫ0.989 [P ϭ 0.011], and Ϫ0.973 [P ϭ 0.027] on days 9 to 12, respectively, by Pearson product moment correlation). No other immunological variable was significantly correlated with parasitemia.
DISCUSSION
We have demonstrated the immunogenicity and modest protective efficacy of a four-gene vaccination regimen consisting of a DNA prime with canarypox virus boost in the P. knowlesi/ rhesus macaque malaria model system. This study was designed to address the efficacy of this prime boost regimen and to compare the levels of effectiveness of different methods of administration of the DNA prime. We did not here separate the effects of the several components of this regimen. In a separate, recent study we addressed the effect of the addition of the rhesus macaque GM-CSF plasmid to the prime and the use of the recombinant canarypox virus in the boost phase of the regimen. Preliminary results suggest that inclusion of the rhesus macaque GM-CSF plasmid does not improve antibody responses. Induction of optimal antibody responses requires boosting with recombinant canarypox virus; significantly, however, even two doses of the recombinant canarypox virus given without prior boosting with the DNA vaccine plasmids failed to induce detectable antibodies to sporozoites or blood stage parasites (unpublished results). Thus, the effect of the poxvirus boost here was to amplify responses primed by DNA, rather than to induce de novo immune responses.
Immunization of rhesus monkeys with the prime boost regimen tested here induced antibodies against preerythrocyticand erythrocytic-stage P. knowlesi parasites and against a recombinant PkCSP protein and T cells which secreted IFN-␥ in response to incubation with peptides from PkCSP. T cells secreting IFN-␥ in response to pooled peptides from PkCSP were detected in 11 of 12 monkeys following the recombinant poxvirus boost at frequencies greater than the mean plus 2 standard deviations of the background frequencies found in control monkeys. No detectable IFN-␥ responses were found prior to the poxvirus boost; in this experiment, at least, DNA vaccination alone failed to induce T-cell responses in rhesus monkeys. The maximum frequencies of IFN-␥ SFC found in this study were in the range of 200 to 350 SFC/10 6 PBMC. These frequencies are approximately 10-fold lower than those observed when a similar regimen involving DNA prime with poxvirus boost was used to immunize mice against the P. yoelii CSP in a murine malaria vaccine model (28) . The study by Sedegah et al. differs in several important respects from the present study; in the murine study, a single antigen, PyCSP, was used and the poxvirus used in the boost phase was an attenuated vaccinia virus rather than the recombinant canarypox virus used here. It is not clear whether the lower responses observed in the present study are the result of the different levels of responsiveness to this approach in mice and monkeys, to the use of recombinant canarypox virus rather than vaccinia virus, or to possible antigenic competition between the four antigens used in this study.
The vaccination regimen used here provided modest evidence of protection. A single immunized monkey in the i.m. Biojector group was completely protected against sporozoite challenge. Among the remaining immunized monkeys there was a lower mean parasitemia on each of days 9 to 12 of the challenge phase. In the group which had the lowest parasitemias on each day, the i.m. Biojector group, parasitemias were slightly more than 10-fold lower than those observed in controls. Both the absence of parasitemia and the reduced parasitemias in the vaccinated monkeys could, in principle, be due to immune responses directed at either the preerythrocytic or erythrocytic stages of the life cycle. However, the slopes of the parasitemia curves (Fig. 4) do not appear to differ significantly between the immunized and control groups, implying that there was no effective growth-inhibitory response directed against blood stage parasites. It therefore appears more likely that the modest protection seen here was the result of a response directed against the preerythrocytic stages, leading to a reduced number of liver stage schizonts being released into the circulation at the beginning of the blood stage infection. Given an observed multiplication rate of approximately 10-fold in 24 h, 10-fold-lower parasitemias on any given day or a 1-day delay in reaching equivalent parasitemias in the vaccinated monkeys imply an approximately 90% reduction in the liver stage parasite burden. It is interesting that the reduction in parasitemia on each of days 9 to 12 correlated with the mag -FIG. 4 . Parasitemia in monkeys following challenge with 100 P. knowlesi sporozoites. Shown are means and standard deviations of the parasitemias in each group of challenged monkeys, determined from thick-film examination as described in Materials and Methods. IM Biojector*, means and standard deviations of that group when the single nonparasitemic monkey is excluded.
nitude of the IFN-␥ response to the peptide pool to which the majority of the immunized monkeys responded. This correlation is not absolute at the level of the individual monkey, however, as the sterilely protected monkey, PPG, made no detectable IFN-␥ response to any of the peptide pools tested. This correlation is consistent with experiments with the murine P. yoelii system, which suggest that DNA vaccine-induced protection is IFN-␥ dependent (6, 28) . There are limitations to the analysis of T-cell immune responses presented here. First, we examined only a subset of possible peptides from PkCSP; we did not assess T-cell responses to PkSSP2 or to the two blood stage antigens. It is possible that a better correlation between T-cell responses and protection at the level of individual monkeys would have been evident if we had been able to evaluate responses to all possible targets. Second, in the present experiments we did not have sufficient numbers of prechallenge PBMC to test the T-cell subset dependence of the IFN-␥ response; in the several murine P. yoelii vaccine models, preerythrocytic-stage protection is usually dependent on CD8 ϩ T cells but can be dependent on CD4
ϩ T cells (6) . In experiments carried out to develop the rhesus IFN-␥ ELISPOT assay, we found that the T-cell responses observed in monkeys immunized by this DNA prime plus canarypox virus boost were CD4 ϩ but not CD8 ϩ T cell dependent (15) . As the IFN-␥ ELISPOT assay used here is based on pools of 20-mer peptides, it is possible that it is not optimal for detection of CD8 ϩ T-cell responses. Thus, although it appears that the partial protection seen here was the result of an IFN-␥-mediated response directed against preerythrocytic-stage parasites in the liver, the T-cell subset dependence and detailed mechanism of protection remain to be elucidated.
A secondary goal of these experiments was to examine the effect of delivering the priming DNA dose by three different routes, i. needle group was statistically significant for the IFA titer in response to blood stage parasites (P ϭ 0.046; two-tailed t test on log-transformed titers) and the PkCSP EIA (P ϭ 0.019; two-tailed t test). In brief, there was a consistent trend for delivery of the DNA priming dose by the i.m. Biojector route to be more effective than the other routes by all tested measures of immune response, including protection. The trend, however, reached statistical significance only in isolated comparisons between the i.m. Biojector and i.m. needle groups.
There are several possible reasons why neither the level of immune response nor protection in this experiment was comparable to those seen in recent studies in the P. yoelii mouse malaria model (27, 28) . First, there may be differences in the response of mice and monkeys to the DNA prime-plus-poxvirus boost regimen. Second, the challenge with 100 P. knowlesi H strain sporozoites may be more stringent than the challenge with 100 P. yoelii nonlethal strain sporozoites used in the mouse model. Finally, the recombinant canarypox virus used in the boost phase here may be less immunogenic than the attenuated vaccinia virus used in the murine studies. We have therefore undertaken a study of a similar four-gene P. knowlesi DNA prime-plus-virus boost vaccine regimen using recombinant vaccinia virus rather than canarypox virus in the prime.
In brief, we have demonstrated the ability of a four-gene DNA prime-plus-canarypox virus boost malaria vaccine regimen to induce both antibody and T-cell responses and partial protection against sporozoite challenge. We thus have established a nonhuman primate model for a multicomponent, multistage malaria vaccine in which it is possible to measure both antibody and T-cell responses and in which, following sporozoite challenge, it is possible to assess protective effects at both the preerythrocytic and erythrocytic stages of the parasite life cycle. In this experiment 1 of 4 controls did not require treatment; pooling results from all challenges in this system, 17 of 18 controls required treatment (W. O. Rogers, unpublished data). Given this occasional failure of controls to require treatment, detection of very low levels of erythrocytic-stage protection may be difficult. P. knowlesi in rhesus macaques is not a perfect model for P. falciparum in humans; at a genetic level it is more closely related to P. vivax than to P. falciparum; it has a quotidian rather than a tertian cycle in the blood; it is not a reliable model for cerebral malaria; finally, it may be more lethal in rhesus macaques than is P. falciparum in humans. Nonetheless, we believe that this model will be an important preclinical system with which to test enhanced vaccines and vaccine delivery systems prior to selecting candidates for testing in humans.
